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ABSTRACT

Measurements of the spectral content of L- and X-band radar

reflections from seleral resolution cells containing wind-blown

trees are examined under a wide variety of typical wind

conditions. Most of the discernible energy (i.e., within 60 dB
of the peak zero-Doppler level) occurs in the spectra at Doppler

winly days. The rates of decay of energy with increasing Doppler

velocity in the tails of the spectral distributions at spectral

off-sets well removed from zero often appear to be approximately

exponential. Estimates of rates of exponential decay in the

spectral tails as a function of windspeed are provided in three

regimes of windspeed.
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1. INTRODUCTION

During the period of time from late 1984 to mid-1985, radar

ground reflections from hilly tree-covered terrain were measured

on a nominal once-a-week basis from Katahdin Hill in eastern

Massachusett'.. These reflections were measured as relatively

long (e.g., 5 min) pulse sequences on specific resolution cells.

The purpose of this measurement program was to establish a multi-

trequency data base from which temporal and seasonal variations

of ground clutter could be examined.

in this report, we examine the spectral content of retlec-

tions from wind-blown tree toliage in selected cells from this

data base, over a wide variety of wind conditions. That is,

wind-induced motion of the trees causes uoppler-shitted energy in

the power spectra of the received temporal signals. we

illustrate here the sorts of spectra that result trom typical

wind conditions as they routinely vary with weather and season.

We are interesteO in how wide these spectra usually become at the
limits at which we can easily discern energy in their tails, and

the approximate rates of decay of energy with increasing Doppler

velocity in these tails well removed from zero-Doppler velocity.

Most of the spectral data presented are at L-band, although a few

examples of X-band spectra are also presented. Two of the X-band

examples are from sites other than Katahdin Hill. Some brief

multifrequency information on temporal autocorrelation properties

of radar returns from wind-blown trees is included to complement

the spectral data.
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2. CLUTTER MEASUREMENTS AT KATAHDIN HILL

For the purpose of- ootaining a set of temporal ground

clutter measurements, our mobile five-frequency ground clutter

measurement radar was set up on Katahdin Hill at Lincoln

Laboratory. Lincoln Laboratory is located on Hanscom Air Force

Base in Lexington, Massachusetts. ve refer to this radar as

Phase one, to distinguish it from an earlier, x-band only,

clutter measurement radar which we call Phase Zero. The Phase

one radar is a modern, computer controlled, pulsed instrumenta-

tion radar with high data rate recording capability (i.e., linear

receiver with 13 bit A/D converters in I and Q channels), and

maintains coherence and stability sutticient for 60 dB two-

pulse-canceler clutter attenuation in post-processing. The Phase

One antenna neams are fixed at zero degrees in elevation, and are

steerable in azimuth. The Phase One waveform is uncoded. A

photograph of the Phase One equipment set up on Katahdin Hill is

shown in Figure 1. Important Phase One measurement parameters

are shown in Table 1.

In these fpmporal mpasurements, long time dwells of

backscatter data were recorded from a number ot contiguous range

gates in a fixed azimuth beam position looking out to the

southwest (i.e., 2350) trom Katandin Hill across hilly wooded

terrain in the suburban town of Lincoln. Lincoln is located 12

miles northwest ot 6oston. Tne Phase one L-bana antenna mast

height on Katahdin Hill was 94'3". We refer to each lonj time

dwell ot contiguous pulses as a data collection experiment.

Experiments were usually collected one day per week trom March

through June, 1985, and at less frequent intervals before (i.e.,

late November/early December, 1984) and after (i.e., early August

1985) this time. In much of the L-band data discussed in this

report, experiments consisted of 30,720 contiguous pulses

2
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I
TABLE I

PHASE ONE SYSTEM PAHAME1ERS"

t' REQUECY

4 BAND VK F UHr L-BAND S-BAND X-BAND

MHz 169 435 1230 3230 91UO

POLARIZATION VV OR HH

RESOLUTION

RANGE 15, 36, 150m

AZIMUTH 130 5. 3' 1. 1.

ELLVATION bEAMWI D'ri 390 15* i0* 40 30

PEAK POWEH 10 kW (5U KW AT X-BAND
,

10 km SENbIrIVITY o,1
'
4 -60 Ob

A/D SAMPLING RATE 1, 2, 5, OR 10 MHz

A/D NUMBER OF UITS 13

DATA RECOKDING RATt 625K BYTE6/SEC

OUTPUT DATA I and C

RCS ACCURACY * d[ rm,,;

MINIMUM RANGE I km

DYNAMIC RANGE

INSTANTANEOUS 60 db
ATTENUATOR CONTROLLED 40 dH

DATA COLLECTION MODES HEAM SCAN

PARKED 3EAM

BEAM STEP

AZIMUTH SCAN RATE 0 TO 3 DEG/SEC

TOWER HEIGHT 95'

*The spJecific frequencies and tower height employed at. Katah~jinHill are listed nerej the other moasurement parameters were used

1t ail sites.



collected over a 5 ,ninute interval at a 10 ms pulse repetition

interval. occasionally, the data were collected faster (see

Table 2, p. 24). On each data collection day, the recording

%PQuerice involved collecting long time dwell experiments both

front forested clutter cells at 235* azimuth, as well as from a

cell at 68.50 azimuth containing a large water tower as a system

reference target, across our five Phase One frequency bands. The

period of time over which we conducted these experiments spanned

winter, spring, and summer seasons. During this period in

eastern Massachusetts, deciduous trees begin to show the

emergence of new leaves in early May, and are essentially fully

leaved out by the end of May.

Phaze one L-band range resolution may be selected to be

either 150 m (i.e., 1.0 us) or 15 m (i.e., 0.1 us). In each

experiment with range resolution set to 150 m, we recorded data

from 16 contiguous range gates located from 1.5 km to 3.9 km in

range trom Phase one. in each experiment with range resolution
set to 15 m, we recorded data from 76 contiguous range gates

located troin 2.0 km to 3.1 KM. For the results presented in this

report, we emphasize 15 m data taken from the range gate between

2756 m and 2771 m, and 150 m data taken from the range gate

between 2786 and 2936 m. Both of these range gates lie on the

south side ot Jupiter Ridge, where the terrain abrupti drops 100

teet in elevation over a distance of about 500 teet (i.e.,

approximately 110 terrain slope). This south face of the ridge

is directly visible from Phase One at cilique incidence. Thus

Jupiter Ridge produced strong ground clutter for Phase One, at

L-band o° levels of between -17 and -23 dB, where e represents

radar cross section per unit area in the resolution cell.

Jupiter Ridge is tree covered, piLimarily with mixed deciduous

trees (e.g., oaK, maple, beech, birch, locust), but with

occasional pine and cedar as well, all to an approximate height

5
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of 60 or 70 feet. Jupiter Ridge is settled with occasional

suburban houses located within the trees and back from the front

of the ridge. However, at the low depression angle ot about

0.650 at which the ridge was viewed from the Phase One antenna,

it was essentially solid tree foliage that was under direct

illumination along the relatively steeply dropping front faze of

the ridge. Three photographs of the terrain along Jupiter Ridge

are shown in Figure 2. For the computations of clutter spectra

presented in this report, we carefully selected cells from along

the ridge with strong signal-to-noise ratio, and in which the

measured temporally varying clutter amplitude statistics were

close to Rayleigh distributed, to ensure that only tree foliage

was under illumination and that there were no strong stationary

discrete scatterers in the cells as would be indicated by

strongly Ricean ami)litude statistics.

Our tocus of interest is in the sorts of general spectral

variation that can occur" under wind conditions broadly character-

izable as strong (i.e., "windy"), moderate (i.e., "breezy"c), or

light (i.e., "light air"). We took our measure of wind condi-

tions trom the weather information continuously being broadcast

from Hanscom airfield, 1-1/2 miles from our principal clutter

cells. We believe this information to be a reasonable indication

of general free-space wind conditions in the neighborhood in

which we conducted our measurements. For every experiment, we

recorded mean windspeed and wind direction as they were being

broadcast at that time, as well as gust velocity when conditions
were gusty. When possible, we attempted to select a relatively
windy day during the week as our clutter 'neasurement day.

Figure 3 shows a 1:40,000 scale aerial p)hotograph of the

terrain surroundings in which we conducted our Katahdin Hill

measurenents. The Phase orne position or, Katahdin Hill, Jupiter

,<idge, and Hanscom airfield are all indicated in this air photo,

as are Route 128, Route 2, and Lincoln Laboratory.

6
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b) Looking upsiope from the bottom of Jupiter Ridge

FIG. 2. PHOTOGRAPHS OF JUPITER RIDGE TERRAIN.

Continued...



c) Trees atop Jupiter Ridge

FIG. 2. PHOTOGRAPHS OF JUPITER RIDGE TERRAIN.

Concluded.
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FIG. 3. AERIAL PHOTOGRAPH OF KATAHDIN HILL MEASUREMENT AREA.
Scale = :40,000. The numbered circles are: (D Phase

One position on Katahdin Hill; (-" 235* azimuth from

Phase One; @ Jupiter- Ridge; 4 ' anscom F"eld;
SLincoln Laboratory; Route 128; and7 Route 2.
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3. CLUTTER SPECTRA

Prior to the Katahdin Hill measurement program, which

provided the L-band spectral intormation which is the main

Jubject of interest in this present report, the Phase one

equipment was involved in making measurements at many sites,

primarily in western Canada. Early spectral investigations of

these data were conducted at X-band. In Section 3.1, we present

some of these early spectral X-band data from two difterent

Canadian sites, Neepawa, Manitoba, and Woking, Alberta, as well

as more receit X-band spectral data from Katahdin Hill. This

allows us to bring into consideration from the outset and show

how our thinking evolved as we observed in these early results

the effect of windspeed on spectral width and approximate

expor. ;:tal decay of spectral tails. It also allows us to

broaden our Katahdin Hill L-band data to another frequency and

other sites. The results suggest that there is no strong

frequency deperidency in power spectra from wind-blown foliage

between L-band and X-band (beyond the basic Doppler dependency

which is linear with frequency), and theht the Katahdin Hill data

are not particularly specific to site or tree type. In Sections

3.2 and 3.3 we go on and discuss our much more comprehensive

L-band spectral data base fro, Katahdin Hill.

3.1 Preliminary X-i3and Results

In our earliest computations ot clutter spectra from wind-

blown trees, it was apparent that windspeed was of dominant

influence on spectral width, and that frequently the rate of

decay of the spectrum with increasing Doppler velocity in the

tail of the spectrum was approximatly exponential. Figure 4

shows two examples of early spectral resultE obtained from Phase

One X-band measurements at two sites in western Canada. Both of
these measurements were conducted from cells containing deciduous

aspen trees in winter season when the trees were bare of leaves.

1]
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WINOSPEED = 15 KNOTS NEEPA WA
SITE. PAT7CH OF ASPEN ON CROPLAND

- ON THE SIDE Of A 2' RISING
ESCARPMENT DEPRESSION ANGLE

V% -- 3". LATE WINTER/EARLY
-10 - %'j0P% SPRINO' (16 MARCH 1982, 3 46 pm)

RANGE 6.549 km. AZIMUTH = 297--

A X-BAND

S-20 t ~

WOKIG STE.DENSE
CL ASEN FOEST.DEPRESSION

-4 NL 3,LATrE FALL./
EARL WITER(9 Nov 1963.

9 89m.RANGE - 63 km.

0 ~10203
DOPPLER FREQUENCY (Hz)

01 02 03 04 05

DOPPLER VELOCITY (rn/9)

FIG. 4 PWRSPECTRA OF )-BAND RADAR RETURNS FROM WIND'-BLOWN

TREES, MEASURED AT TWO CANADIAN SITES.
Rneres. =150 m, pol. = vertical, 7680 samples,

pi=8 mns, record duration = 1.024 min, 512 point FF1?,
Blackmnan-Harr is window.



Otherwise these two sites were quite different and far removed

from one another, Wokinq being a denselV forested site in

northern Alberta, whereas Neepawa was a farmland site in southern

Manitoba. These early spectral data from Canadian sites were

obtained by first computing the autocorrelation function over the

full 1.024 min duration of the temporal record (i.e., 7680 pulses

with pulse repetition interval = 8 ms), and subsequently

computing the power spectrum as the Fourier transform of the

autocorrelation function. I In Figure 4, what we mean by

approximate exponential spectral decay is illustrated by the

straight-line approximation drawn through the Neepawa data.

Exponential decay of clutter spectra from wind-blown trees has
2

been observed previously. In the Woking data of Figure 4, of

considerably lower windspeed than the Neepawa data, the spectrum

is considerably narrower and an exponential approximation is

somewhat less valid.

Figure 5 shows two examples of X-band spectral results from

a forested cell at Katahdin Hill measured on two different days,

17 April 1935 and 25 April 1985. The cell measured, at 2582 m to
2597 m. range and at 235* azimuth, lies on the south side of

Jupiter Ridge, but at slightly closer range than the cells for

which we show L-band data in Section 3.2. On 17 April the winds

were quite strong; at the time of this X-band experiment,

windspeed was recorded to be 10 knots gusting to 20 knots. In

contrast, 25 April was a very still day and the winds were

recorded as "calm" at the time of our experiment.

The spectra of Figure 5 are computed directly as Fast

Fourier Transforms (FFT's) of the temporal pulse-by-pulse return
2including the dc component calibrated in RCS units of 'n . The

spectral content is displayed in decibels with respect to 1 m 2

(i.e., in dBsm). The method used in generating these spectra is
3

the method of modified periodograms, where the temporal record

?3



FORESTED CELL RADAR PARAMETERS
0 2582 m, 2350 RANGE RES - 15m T

POL = HORIZONTAL
PRI = 2 ms

WINDY DAY X.SAND
17 APRIL 1985

10 kn. 3400

-20- GUSTS TO 20 kn

CALM DAY
-. ,25 APRIL 1985

-60

-2 -1 0 1 2

)OPPLER VELOCITY (m/9)

FIG. 5 POWER SPECTRA OF X-BAND RADAR RETURNS FROM WIND-BLOWN
TREES, MEASURED FROM KArAHDItN HILL, MASS., ON A WINDY
DAY AND ON A CALM DAY. 30,720 samples, pri = 2 Ms,
record duration = 1.024 min, 1024 point FFT,
Blackman-Harris window.
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of 30,720 pulses is divided into contiguous groups of 1024

samples, a 1024 point complex FFT is generated for each group,

and the amplitudes of the resultant set of FFT's are

arithmetically averaged together in each Doppler cell to provide

the spectrum illustrated. Thus, in Figure 5, each spectrum shown

is the result of averaging 30 individual spectra from an overall

RCS record of 1.024 rain duration and 2 ms pulse repetition

interval (pri). In the generation of each spectrum, a 4-sample

Blackman-Harris window or weighting function is utilized, with

highest sidelobe level at -74 dB and with -6 dB per octave

falloff. 4 All of the L-band spectral results in Section 3.2 are

computed similarly. Appendix A illustrates this process of

computation of spectra much more thoroughly.

The results in Figure 5 illustrate the differences in

spectral content of the X-band reflections from this cell between

when the tree branches are relatively motionless and when they

are undergoing relatively strong, wind-induced, random motion.

It is graphically apparent in these results how much of the dc or

zero-Doppler return on the calm day is converted to ac return

distributed over Doppler velocities up to 2 m/s on the windy

day. The windy day spectrum shown in Figure 5 is one of the

widest spectra we have so far found in our clutter data base. As

in the Neepawa data of Figure 4, again we observe in this windy

day Katahdin Hill data that the rate of decay of spectral energy

with increasing Doppler velocity in the tail of the spectrum is

approximately exponential as indicated by the straight line drawn

throuqh the left side of the spectrum. The exponential

approximation is slightly less valid on the right side of this

spectrum. The Phase One system noise levels are evident in both

the calm and windy day results of Figure 5 at a level of about

-64 dBsm. It is evident that on the windy day there is

15
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essentially no observable energy above this noise floor for

Doppler velocities greater than about 2 tn/s. A physical velocity

of 2 m/s would seem reasonable to attribute as a near-maximum

velocity to expect for components of tree branches that might be

acting as scattering centers causing direct phase modulation at

our X-band RF wavelength 'f 1.3 inches under windy conditions.

However, we made no measurements of tree motion.

The calm day spectrum in Figure 5 is one of the narrowest

spectra we have so far found in our clutter data base. In

contrast to the windy day spectrum of Figure 5, which is somewhat

wider but at least comparable to the Neepawa data of Figure 4,

the calm day spectrum of Figure 5 is much narrower than the

Woking data of Figure 4. Although very narrow, this calm dayIspectrum is slightly wider than the corresponding X-band spectrum

from our water tower reterence target measured on the same day,

indicating that there is some slight motion of the tree branches

even on this very calm day. In this regard, we mention that

during actual Phase One data collection, where we have a live
instantaneous A-scope showing the returns being recorded, we have

noticed that the display of X-band returns from forested cells,

although usually exhibiting rapidly varying dynamic scintilla-

tion, very infrequently and only under the stillest air

conditions does occasionally settle down ard become almost

stationary. Together, then, the two spectra illustrated in

Figure 5 may be thought ot as representing extreme or bounding

conditions on X-band spectral extent from wind-blown trees, at

least as determined by the Phase one data thus far examined.

In following discussions, we expand on these preliminary

X-band observations troln Figures 4 and 5, as follows:

a) higher windspeed causes wider spectra (even when wind-
speed is just grossly applicable to the general
neighborhood and not measured specifically in the treed
clutter cell);

16



b) approximate exponential decay of spectral tails;

c) exponential approximation better for higher windspeeds
and wider spectra;

d) gross similarity in spectra from site-to-site and
between X- and L-band.

3.2. L-Band Results from Katahdin Hill

As was mentioned in Section 2, tor system reference data on

each clutter measurement day, we recorded long time dwell

experiments on a cell containing a large cylindrical municipal

water tower. Figure 6 shows the power spectrum computed from the

water tower L-band returns that were measured on the relatively

calm day of 15 May. As expected, most of the energy from this

stationary tower is at zero-Doppler velocity. The slight

spectral spreading just above noise level in these data is

attributable to grounc clutter (i.e., trees) in the same cell at

the base of the water tower. In other L-band measurements of

this same water tower on windier days, the spectral width 55 to

65 dB below the peak increases to as much as + 0.1.5 m/s to + 0.4

m/s, respectively. The theoretical spectral response ot

Blackman-Harris weighting of a corstant signal is also shown in

Figure 6. It is clear from Figure 6 that we are limited in

providing measured 1024-point FFT clutter spectra by the Phase

one system noise level rather than by the theoretical window

function response. It is also clear, however, that our Phase one
~system maintains the theoretical blackman-Harris spectral

resolution over more than 50 dB of dynamic range. The data of

Figure 6 detine the instrumentation and processing limitations in

the L-band spectral data presented subsequently.

With our system limits established, we now go on and show

L-band clutter spectra from wind-blown trees. Similarly as we

did in Figute 5 tor X-band data, Figure 7 shows two examples of

L-band spectra from wind-blown trees on a day of light winds and

17
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40- RADAR PARAMETERS

RANGE RES =ISOm

POL. HORIZONTAL

PRI x 10 me
L-BAND

20 WATER TOWER

6414 m, 686
15 MAY 1985

co

NOISE
FLOOR

-20)

BLACKMAN- HARRIS L
WINDOW

-40 - 11 4
-2 -1 0 1

DOPPLER VELOCITY (m/a)

FIG. 6 POWER SPECTRUM OF L-BAND RADAR RETURNS FROM A WATER

TOWER, MEASURED FROM KATAHDIN HILL. 6144 samples,
pri = 10 ms, record duration = 1.024 min, 1024 point
FFT, Blackman-Harris window.
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20 -
DATE: 11 JUNE 1985 RADAR PARAMETERS
CELL: 2766 m, 2350 RANGE RES. - 16 m

- WIND: 7 kn, 2800 POL. 2 VERTICAL

PRI - 10 ms
L-BAND

0

F -20

cc

-40 -

I
-60

-2 -1 0 12

DOPPLER VELOCITY (m/mi

a)

F:G. 7 POWER SPECTRA OF L-BAND RADAR RETURNS F'ROM WIND-BLOWN
TREES, MEASURED FROM KATAHDIN HILL ON A DAY OF a) LIGHT
WINDS = 7kn AND ON A DAY OF b) STRONG WINDS = 17 kn.
30,720 samples, pri 10 ms, record duration = 5.120
min, 1024 point FFIr, tlackinan-Harris window.

Continued...
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DATE: 3 MAY 1985 RAUAR PARAMETERS
CELL: 2411 m, 2351 RANGE RES.=15 m 1
WIND. 17 kn, 80 POL. z VERTICAL

(Rain) PRI = 10 ms
0 L-IAND

m

-20 -

cc

-40-

-60

-4 -2 O 2 4

DOPPLER VELOCITY (m/a)

b)

FI'; 7 POWER SPECTRA OF L-$A'ID 1kADAR RETURNS F'OM WIND-BLOWN
TREES, MEASURED FROM . IA.Hi. HILL ON A DAY OF a) LIGHT
WINDS = 7kn AND ON A 1-1 OF b) STR('NG WINDS 17 kn.
30,720 samples, .ci = iO m', record duration 5.120

mir., 1024 point FFT, 6Lackran-Harris window.

Concluded.
'-

I. S

EZIJk mLLALUJ_ I'&'



on a day of strong winds. Note that these two results in

Figure 7 are from different cells, although both lie aling tha

south side of Jupiter Ridge at 2350 azimuth. Further note that

the abscissa scales differ by a factor of two. In contrast to

the X-band calm day spectrum of Figure 5, the L-band light wind

spectral data of Figure 7(a) do not apply to absolutely still air

conditions. Therefore the spectral extent is greater in the

light-wind L-band spectrum of Figure 7 than in the calm day

X-band spectrum of Figure 5. Nevertheless, as in the X-band data

of Figure 5, we continue to see in the L-band data of Figure 7

that spectral extent increases significantly with windspeed.

Furthermore, we continue to observe in the L-band data of

Figure ; that tne rate of decay of spectral energy with

increasing Doppler velocity is approximately exponential. As

before at X-band in Figures 4 and 5, we illustrate what we mean

by approximately exponential by straight-line fits drawn through

the right sides of the L-band spectra in Figure 7. As in the

X-band data, the fit is very good for the strong winds data of

Figure 7(b) and not as good for the light winds data of

Figure 7(a).

The spectrum shown in Figure 7(b) is the widest L-bandl

spectrum that we have found so far in our measurement data base.

It is interesting to observe that jur widest examples of very

windy day X- and L-band spectra in Figures 5 and 7(b) are very

similar, even though these measurements apply to different days

and different cells. Both of them are well-approximated by expo-

nential tall-offs tnat decay at nearly equal rates with increas-

ing Doppler velocity until the minimum discernible energy above

the system noise level in the measurement is reached, which in

each case occurs at a maximum Doppler velocity of about 1.8 or

2.0 m/s. On the basis of these widest windy day spectra shown in
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Figures 5 and 7(b), there does not appear to be any marked

dependence with RF frequency on spectral shape or extent on windy

days. The data in Figure 7(b) are described in much greater

detail in Appendix A.

We now go on from discussions of individual spectra to

consideration of many spectra grouped within broad categories of

windspeed. Before we consider these groups of spectral data, we

pause to clarify our focus of interest in this regard. As

mentioned previously, we did not measure windspeed in the clutter

cell. Neither did we make any effort to record tree motion

(e.g., via movies). It is not that we lack interest in these

matters, but that the ground truth tail can quickly begin wagging

the radar measurenent dog. In the end, our interest is in how

spectral widening can influence radar system performance, not in

the random motion of trees in winds. In fact, if our interest
were directly in the latter, we could think of no more useful

device to investigate the phenomenon than Doppler radar measure-

ments. Rather than a deterministic association between directly

observed windspeed, tree motion, and recorded spectrum, we are

more interested in the range of spectra that occur under broad

nominal assessment of general wind conditions at a gross overall

level of information such as might be available for a typical

radar operating in the field. For such a radar, continuous

detailed information on wind condition in every clutter cell can

never be available, even if we were to devise a spectral model

based on such information. Thus, our Hanscom airfield wind con-

dition information serves our interests very well in providing a

general indication of free-space wind conditions in the neighbor-

hood of our clutter cells. This information allows us to follow

our line of interest and see the extent of variation that occurs

in clutter spectra within groups of similar wind conditions, an,

the separation of the spectral data between such groups.
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Table 2 lists parameters of 23 long time dwell L-band

experiments in which backscatter from Jupiter Ridge forested

clutter cells was measured at Katahdin Hill during the period of

time from November 1984 to ,AugusL 1985. These 23 experiments are

ordered in three groups by nominal wino condition, as a) light

air (5 to 8 kn), b) breezy (10 to 11 kn), and c) windy (15 to

25 kn). our wind terminology is not that of the meteorological

Beaufort scale. Thus, for us "light air" covers Beaufort light-

to-gentle breezes, "breezy" covers ieaufort gentle-to-moderate

breezes, and "windy" covers Beaufort moderate-to-strong breezes.

Figure 8 shows L-band power spectra for the 23 experiments

listed in Table 2, ordered within the same three groups by

nominal wind condition (viz., light air, breezy, or windy) as are

shown in Table 2. In Figure 8, the number in the key to the

upper right in each part of the figure is the spectrum number in

Table 2. We observe in Figure 8 that there is reasonably good

clustering within the three groups of results by windspeed, and

reasonably good separation between the three groups. As would be

expected when using the Hanscom broadcast information as a

general indication of wind conditions in the Phase One neighbor-

hood, within the three groups ot spectra there are a few examples

when the local wind conditions in the clutter cell itselt did not

appear to match the wind conditions being broadcast during the 5

minute interval when the measurement data were being acquired.

Thus, for example, under the nominal breezy conditions of

Fig. 8(b), spectrum number 2 and, to a lesser extent, spectrum

number 6, are narrower than the rest of the spectra in the

.0. group. And under the nominal windy conditions of Fig. 8(c),

spectrum number 7 is narrower and spectrum number 4 is wider than

in the rest of the spectra in the group. Except for these few

examples, the remainder ot the spectra in Fig. 8 cluster
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TABLE 2.
TWXNTY-THKRZ TEMPORAL RECORD!S OF 1-BAND REFLECTIONS PIRO WIND-EOWN TREES

Meaurement Rang. Polar- Pule Windepeed Wind Rain
Spectrum Date and Resolution ifation Repetition Mean Peak Direction (R)

Number Time-of-Day IntervA Qu a t
(,_t__n__ ._ ) (a)t (a)tt (kn) (kn) (dog)

Light Air (5 to 8 kn)

11 9 ay 85 !1109 15 V 10 6 280
13 22 may 85 13:39 15 V 10 6 10
14 22 May 85 13:51 l5 K 10 6 10
16 5 Jun 85 14:00 15 V 10 8 100 R
17 5 Jun 85 14:16 ISO V 10 8 100 R
18 11 Jun 85 10141 15 V 0 7 270
19 11 Jun 85 1052 150 H 10 7 270
20 11 Jun 85 11101 15 H 10 7 270
22 12 Aug 85 IS05 15 V 1o 5 290
23 12 Auq 85 16:45 15 V 10 8 320

Breezy (10 to 11 kn)

1 30 Nov 84 11:01 15 V 2 10 310
2 30 Nov 84 13:40 Is V 8 10 280
6 10 Apr 5l 11;26 150 H 2 11 280

12 15 May 85 14:57 15 V 10 10 260
15 29 May 85 16:48 15 V 10 10 110
21 19 Jun 85 16z27 15 V 10 10 300

Windy (15 to 25 kn)

3 7 Doc 84 10:44 15 H 2 15 310
4 4 Apr 85 10t24 150 H 2 10 20 310
5 4 Apr 85 15:18 15 H 10 10 20 290
7 17 Apr 8 14:12 150 H 10 15 25 350
8 17 Apr 85 16:36 15 v 10 is 25 310
9 3 May 85 11I07 15 V 10 17 80 R

10 3 May 35 14:31 15 H 10 15 70 R

SA-zimuth was 2350) the 15 a cell started at 2756 a rAfnge the ISO a cell started at
2786 a.

tt In every came (except opectrum 42), 30 euccessive 1024 point complex FFT'n were
computed and averaged, coveriag dwells of 1.024 and 5,120 min at 2 and 10 m pri,
respectively. For spectrum *2, 10 auccaaive 1024 point FFT's were computed and
averaged over a 1.365 min dwell.
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remarkably tightly in three groups by nominal neighborhood wind-

speed. The three groups ot results in Figure 8 may be regarded

as being indicative of probability of occurrence of spectral

width of radar returns from cells containing wind-blown trees for

radars operating in forest ground clutter, in three broad regimes

of general windspeed in the neighborhood of the radar.

In absolute terms, the spectral widths in all three groups

are narrow, with most of the discernible energy occurring at

Doppler velocities usually less than 1.0 m/s or at most 2.0 m/s.

Such narrow spectral extents are commensurate with what might be

expected from direct phase modulation of the radar returns by the

physical velocities of individual wind-driven tree elements.

Also, except for the few examples mentioned above, there is

good separation between the three groups of results in Figure 8.

For example, if we consider the -40 d~sm level in tne spectra and

neglect the few examples just mentioned, we observe that at this

level the light air spectra in Fig. 8(a) have Doppler velocities

between 0.35 and 0.65 m/s, tne breezy day spectra in Fig. 8(b)

have Doppler velocities between 0.65 and 1.0 m/s, and the windy

day spectra in Fig. 8(c) have Doppler velocities between 0.9 and

1.2 m/s. Or, if we consider the -20 d~sm level in the spectra,

we observe that at this level the light air spectra have Doppler

velocities between 0.1 and 0.35 /s, the breezy day spectra have

Doppler velocities between 0.35 and 0.45 m/s, and the windy day

spectra have Doppler velocities between 0.4 and 0.6 m/s.

Except for this correlation of spectral width with nominal

neighborhood windspeed, there appear to be no strong trends with

other measurement parameters in the spectral results of

Figure 8. That is, such ground truth parameters as time-of-year

(i.e., leaves on or off), prevailing wind direction, or whether

there was rain in the neighborhood during the measurement, all

have little observable effect on spectral shape. Similarly,

whether the polarization of the radar was vertical or horizontal
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also has little observable etfect in the measured spectra. The

range resolution of the radar does affect the dc level of the

measured spectra, in that the 150 m pulse has larger zero-Doppler

RCS levels in the results of Figure 8; but beyond this expected

result (viz., larger cells have greater RCS) there is little

observable effect on the spectral shape at non-zero Doppler

velocities. The shorter dwell times of experiments with

pri < 10 ms do lead to less spectral resolution, as is theoreti-

cally required, which careful examination of the results in

Figure 8 does reveal.

We now select one representative spectrum from each of the

three groups in Figure 8. That is, from within the central

region of each group where most of the data clusters together, we

select the single spectrum which appears to most closely exist at

the center of the cluster over its full spectral extent. These

"most representative" spectra are spectra numbers 18, 12, and 10

in Table 2, for light air, breezy, and windy conditions, respec-

tively. These three spectra are plotted together in Figure 9,

and clearly illustrate the eftect ot windspeed on spectral

extent. Also plotted in Figure 9 are the thinnest L-band

spectrum we nave found so tar in our data base (viz., spectrum

number 16, Table 2), and the widest L-band spectrum we have found

so tar in our data base (viz., the spectrum of Fiy. 7(b), for the

2411 m range cell). In terms of probability of occurrence, these

latter two results may be thought of as approximations to

limiting situations for spectral extent of radar returns from

cells containing wind-blown trees, whereas the former three

results may be thought of as representative of typical situations

in three regimes of windspeed. Altogether, Figure 9 constitutes

the beginning of a model, although it shows data by individual

example only, whereas a general model is better it based on

statistical combination of many similar measurements. Note that

the dc component has been removed from the spectra shown in
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FIG. 9 FIVE POWER SPECTRA OF L-BAND RADAR RETURNS FROM WIND-
BLOWN TREES, MEASURED FROM KATAHDIN HILL, SHOWING THE
RANGE OF VARIATION OCCURRING IN SPECTRAL WIDTH WITH
DIFFERENT WIND CONDITIONS. The spectra labelled
"thinnest", "light air", "breezy", and "windy" are

spectra numbers 16, 18, 12 and 10, respectively, in
Table 2. The spectrum labelled "widest" is that shown
in Fig. 7(b). The dc component is removed in these
data.
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Figure 9 in order to facilitate the comparison of data from the

different range cells.

3.3 Exponential Model

We have observed earlier in this report that the rates of

decay of spectral energy with increasing Doppler velocity in

radar returns from wind-blown trees are often reasonably well

approximated as exponential in the tails of the spectral distri-

butions well removed from the zero-Doppler region. That is, the

rates of decay in the spectral tails are often fairly linear as

plotted in our standard logarithmic power (y-axis) versus linear

Doppler velocity (x-axis) spectral plots, especially for the

wider spectra that occur at higher windspeeds. However, in many

cases, especially for narrower spectra that occur at lower wind-

speeds, if a slight degree of curvature is allowed in approxi-

mating spectral decay in our standard plots, a slightly better

power-law fit can be obtained, in which the energy decays slight-

ly less rapidly (never more rapidly) than exponential. We

believe this reflects the fact that nature does not always obey

some simple analytic law in this matter. Rather, we would expect

that the distributions of radial velocities of blowing branches

acting to directly phase modulate radar returns to be very

complexly related to wind conditions and tree species. In any

event, in the cases where spectral decay is less rapid than expo-

nential, the degree ot departure from exponential is usually

rather slight and different from case to case. For our purposes,

* "it is more useful to deal with the approximatiny exponential

representaion for the simplicity, uniformity, and generality it

• introduces.

Therefore, we now set out to gain the c .vious general

modeling benefit of having observed frequent quasi-exponential

decay in the tails ot spectra from wind-blown trees. To do so we
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proceed as follows. In the tail region of the power spectrum

where the exponential approximation is valid, we represent the

spectrum as

P(v) =A e-5fVI ,v > 0.2 m/s,

where

P = power spectral density (w/Hz);

v = Doppler velocity (m/s);

8 = exponential decay factor;

A = arbitrary constant.

For each ot the 23 experiments for which measurement parameters

are shown in Table 2, the best exponential approximation to the

spectral tail is determined, and the corresponding decay factor

is noted. Then these 23 values of 8 are separated into three

groups by windspeed as are shown in Table 2, and the mean a

ithin each group determined. The resulting values of 0 and

corresponding rates of exponential decay of spectral tails in

three regimes of windspeed are shown in Table 3 and Figure 10.

As is indicated in Figure 10, these exponential decay factors

apply only in the tail regions of spectra for Doppler velocities

v > 0.2 m/s, well removed from zero-Doppler velocity. The

spectral modeling information of Figure 10 has the advantage of

statistical generality, obtained by averaging over a number of

like-classified measuLements.

Let us briefly review our modeling position with respect to

the information shown in Table 3 and Figure 10. We are

interested in Doppler spectra ot radar returns trom wind-blown

trees, and particularly the rates of decay in the tails of such

spectra at spectral otfsets well removed trom zero. We believe

'-hat the information of Table 3 and Figure 10 is reasonably

representative of our measurements. However, we do not make a

strong case here for the advancement of a rigorous exponential
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TAB~LE 3

EXKPO14ENTIAL DECAY FACTURSt IN THE 'rAILStt OF L-H~AND SPECTRA
FROM WIND-BLOWN TREES IN THREE RE~GIMES OF WINDSPEED

Exponent ial

Wind speed Decay Factor, 0

Light Air (5 to 8 kn) 23.5

Breezy (10 to 11 kn) 17.5

Windy (15 to 25 kn) 10.7

t P(v) = Ae801VI,
where P(v) = power spectrum (w/Hz),

v = Doppler velocity (m/s),
8 = exponential decay tactor
A =arbitrary constant

tt v > 0.2 m/s.
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model for spectral -xtent from wind-blown trees. We certainly do

not propose that such a model apply over the full spectrum

including the zero-Doppler region, or that even in the tails of

spectra it has statistical validity in the sense of passing

rigorous hypothesis testing. In the face of any particular

concern with fidelity of spectral detail, we prefer to quickly

come away from the approximating information of Table 3 and

Figure 10, and let the actual data such as are shown in Figure 8

stand on their own, to be modeled as any investigator so wishes.

aut tor those, like us, who wish simple approximating information

on rates ot spectral decay from wind-blown trees as a tanction ot

windspeed, we believe the information of Table 3 and Figure 10

usetully represents what we have often generally observed in our

measurements.
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4. TEMPORAL CORRELATION

In theoretical terms, knowledge of the spectral character-

istics of some random process in the frequency domain is equiva-

lent to knowledge of the correlation characteristics of the

process in the time domain. That is, the power spectrum is

simply the Fourier transform of the autocorrelation function.

Even in practical terms, it is always broadly observable that the

wider the spectrum, the faster the process decorrelates.

However, in analyzing our measured clutter data, neither the

power spectrum nor the autocorrelation function are exactly and

completely describable in simple analytic form easily amenable to

Fourier transformation. As a result, if we are interested in

both spectral and correlative properties, we need to numerically

generate both the power spectrum and the autocorrelation func-

tion. In Section 4.1 we provide some examples from our Phase

one Katahdin Hill measurements of radar returns from wind-blown

trees showing how correlation time varies with RF frequency and

with windspeed. In Section 4.2 we relate spectral width to

correlation time in one of these measurements. In all of the

measured results in Section 4, the dc component has been removed

from the received time-varying RCS record.

4.1 Dependence on RF Frequency and Windspeed

Let us concern ourselves with the question of how long it

takes for radar returns from wind-blown trees to decorrelate,

which is complementary to the question of spectral extent in such

returns. To provide information on this subject, we irvestigatei

the temporal correlation properties in some of the long time

-I dwell Phase One Katahdin Hill experiments described in

Section 2. Thus Figure 11 shows the normalized autocorrelation

function' at all five Phase One frequencies for the returns from

the forested cell on Jupiter Ridge at range 2.5 km and
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FIG. 11 AUTOCORREIATION FUNCTIONS OF RADAR RETURNS FROM
WIND-BLOWN TREES, MEASURED FROM KATAHiDIN HILL ON A
WINDY DAY AT FIVE RADAR FREQUENCIES, Measurement day,
17 April 1985. Windspeed - 15 kn gusting to 25 kn.
Range =2.5 kmn, azimuth a2350. Range res. = 150 mn,
pol. =horizontal. Pri -2, 10, 10, 6, 2 ins and record
duration =1.02, 5.12, 5.12, 3.07, 1.02 min at VHF,
UHF, L-, S-, X-bands, respectively. In all cases, no.
of pulses 30,720.
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azimuth = 235 ° , as measured on the windy day of 17 April 1985

(see Table 2). The time-of-day (hr:min) at which data collection

commenced for each of these five experiments was as follows:

X-band, 10:24; S-band, 11:30; L-band, 14:12, VHF, 15:00; UHF,

15:27. Each of these five experiments consisted ot 30,720 pulses

at pri's of 2 ms, 10 ms, 1U ms, 6 Ins, and 2 ms for VHF, UHF, L-,

S-, and X-bands, respectively. For all five experiments, the

polarization was horizontal and the range resolution was 150 m.

At each of the five Phase One frequencies, the autocorrelation of
the return from the water tower reference target remains essen-

tially at unity over the 0.5 s time lag shown in Figure 11. Let

us define correlation times T and T as the times

required for the normalized correlation function to decrease to

l/e (=0.368) or 1/2 (=0.5), respectively. Then Table 4 gives

these measures of time required for decorrelation of the radar

returns from wind-blown trees, as determined from the data shown

in Figire 11. If the scattering centers and their .notion were

TABLE 4
CORRELATION TIMES FOR RADAR RETIJRNS FROM WIND-BLOWN TREES

AT KATAHDIN HILL ON A WINDY DAY.

(See Fig. 11)

FieEQUENCY CORRELATION TIME (s)

BAND Tj/2 Ti/e

VHF 4.01* 5.04*
LUHF 0.69 0.94

L-Band 0.67 0.95
s-Band 0.062 0.081
X-k3and 0.033 0.049

Note; * = extrapolated estimate
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the same at all five frequencies, simple Doppler considerations

would lead us to expect that correlation times would decrease

inversely with RF frequency, all else being equal. We certainly

observe an approximate trend indicative ot an effect in this

direction in the data of Figure 11 and Table 4, although the

results do not scale exactly linearly with frequency. This

reflects the facts that: a) the experiments were conducted at

different times and thus under different specific wind conditions

on 17 April; b) the cell sizes and hence scattering center

ensembles were different (e.g., due to azimuth beamwidth varying

with t.-equency band, see Table 1); and c) the scattering centers

and their velocities would be expected to vary with RE wavelength

(i.e., twigs at X-band, oranches at L-band, limbs at VHF).

The correlative properties of radar returns from wind-blown

trees shown in Figure 11 and 'able 4 apply for the particularly

windy day of 17 April. Correlation times from wind-blown trees

would be expected to increase with decreasing windspeed.

Figure 12 shows the normalized autocorrelation function' for the

L-band returns from the Jupiter Ridge forested cell, measured on

three different days under three quite different wind

conditions. The autocorrelation function is here shown only over

the correlation interval from 1.0 to 0.9 to emphasize the region

where the data Just begins to decorrelate. In Figure 12, the

windy day was 17 April (i.e., the same data as is shown in Figure

11) , the breezy day was 10 April, and the light air day was 5

June (see Table 2). Time of measurement (hr:min) for these three

experiments was i4:12, 11:26, and 14:16, respectively. Each of

these three experiments consisted ot 30,720 pulses at pri's of

10, 2, and 10 ms tor the windy day, breezy day, and light air

day, respectively. Polarization was horizontal on the windy and
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FIG. 12 AUTOCORRELATION FUNCTIONS OF L-BAND RADAR RETURNS FROM
WIND-bLOWN TREES, MEASURED FROM KATAHDIN HiILL FOR THREE
DIFFERENT WIND CONDITIONS. Windy day, 17 April 1985,
windspeed =15 kn gusting to. 25 kn, pri = 10 mns,
pol. = horizontal, same data as in Fig. 11. Breezy
day, 10 April 1985, windspeed - 11 knots, pri = 2 ms,
pol. = horizontal. Light air day, 5 June 1985,
windspeed = 8 kn, pri =10 ins, pol. = vertical. In all
cases, no. of pulses =30,720. Range = 2.5 kin,
azimuth =2350, range res. = 150 mn.
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breezy days, vertical on the light air day. In all three cases,

range resolution was 150 m, start range to the cell was 2486 m,

and azimuth was 2350. The results in Figure 12 clearly indicate

how temporal correlation in L-band radar returns from wind-blown

trees increases with decreasing windspeed. In these results, the

correlation times ti/e on the windy, breezy, and light air days

were 0.95, 2.11, and 5.56 s, respectively.

4.2 Correlation Time and Spectral Width

The main tocus ot consideration in this report is on how far

out discernible energy occurs in the tails of Doppler spectra of

radar returns from wind-blown trees, and the rates ot decay of

energy in these tails. In Section 4 we have departed trom this

focus to consider a few examples ot temporal correlative

properties in radar returns from wind-blown trees. Another use-

ful objective within this whole subject area would be to provide

modeling informaLion not only for predicting spectral width, but

also for relating spectral width to correlation time. Although

we are not at present actively involved in pursuing this objec-

tive, we now present an example along these lines to shed addi-

tional light on the information about spectral tails that is

presented in this report. We select the windy day X-band experi-

ment of Figure 11 because both its spectrum and correlation time

are well resolved and well defined in our data, and because the

rate of decay of energy in its spectral tail is well-approximated

as exponential. On the basis of the spectral results presented

in Section 3, we arbitrarily select the 40 dB below peak level in
the ac spectrum as the level at which we define spectral width.

This level is well above radar noise level, yet is well out on

the tail in the region where our exponential rate of decay

applies and is well removed from the zero-Doppler region where

the exponential model does not apply and where we are apt to lose
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resolution on calm days. We define the Doppler frequency at

which this level occurs in the spectrum to be f-4 0 Hz. For the

windy day X-band experiment of Figure 11, f-40 - 58.8 Hz, and

Tl/e = 0.04942 s. We know that, in some broaa sense, correla-

tion time is inversely proportional to spectral width. If we

assume that TI/e = K/f. 4 0 , for the windy day X-band experi-

ment K = 2.91. We believe it would be useful to investigate more

fully and to have modeling information available for these three

quantities, f-40 , TIl/e, and K, or similar quantities specify-

ing and reflecting the relationship between spectral width and

correlation time in radar returns from wind-blown foliage. The

information in this report makes a beginning toward specification

of spectral width, but is not directly useful for estimating

correlation time. For example, for the hypothetical spectral

distribution which is exponential over its full extent including

the zero-Doppler region, K = 1.92.t This hypothetical value of K

underestimates the actual correlation time in the windy day

X-band example of Figure 11. That is, the hypothetical exponen-

tial spectral distribution underestimates the low-frequency com-

ponents in the near-zero Doppler region in the spectrum. This

example brings out more clearly why we do not advocate an

exponential model over the Lull extent ot the spectrum but only

in the tail. It also tantalizes us as to what better and more

general relationships in these matters might apply, but we leave

these issues to future investigations.

tLet the power spectrum be represented by P(t) ) 1 e -a'f , where

f is Doppler frequency. This provides _f P(f)d(f)=l. The cor-

responding autocorrelation function is: R( T) = a 2 + _(27) 2

where T is time lag, and R(0) = 1. Then, for this theoretical

relationship, TI/e = 1.92/f_ 4 0.
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5. SUMMARY

Long cemporal records were measured of radar backscatter

from wind-blown trees. These measurements were conducted on an

approximately once-a-week basis over a period ot about 6 months

on a few forested resolution cells. Power spectra showing the

Doppler frequency content of these measured records were

generated.

In absolute terms, the widths of these spectra are very

narrow. The maximum Doppler velocity at which discernible energy

appears in the spectra is often less than 1.0 m/s, and almost

always less than 2.0 m/s. By discernible, we mean to levels of

about 60 dB or so below the peak zero-Ooppler level and above our

system noise level.

over and above the fact that wind-blown tree spectra are

narrow, we definitely observe a predictable association of

spectral width with the nominal windspeed in the neighborhood

during cur measurements, whereby spectral widths increase with

increasing windspeed. Furthermore, we often observe that the

energy in the tails of the spectra, at spectral off-sets weli

removed from zero, decays approximately exponentially with

increasing Doppler velocity. Estimates of rates of exponential

decay in the spectral tails as a function of windspeed are

provided in three regimes of windspeed, as: 1) light air, 5 to

8 kn; 2) breezy, 10 to 11 Kn; and 3) windy, 15 to 25 Kn.

On the basis of numerous observations, we see little general

dependency of spectral shape or extent on other ground truth

parameters such as prevailing wind direction or whelher leaves

are on or off the trees, or on the radar paramLeters of

polarization and resolution. Neither do we observe any strong

dependence of spectral shape and extent on the radar frequency
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between L-band and X-band, although this is based on a much more

limited set of observations to date.

Correlation times in our temporal records of radar returns

from wind-blown trees are expected to .'ary inversely with

spectral widths, but except for a few examples, this report does

not provide general information for predicting correlation times

as a function of windspeed or establishing the constants of

proportionality.
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APPENDIX A

TINE AND SPECTRAL HISTORIES FOR A LONG PULSE SEQUENCE
OF RADAR RETURNS PROM4 WIND-BLOWN TREES ON A WINDY DAY

I
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A.1 INTRODUCTION

In the body of this report, we present many power spectra

from wind-blown trees usually obtained from 30,720 pulse

sequences at a pulse repetition interval (pri) of 10 ms. These

power spectra are computed as the average of 30 sequential 1024

point Fast Fourier Transforms (FFT's) in which the pulses are

taken 1024 at a time until 30,720 pulses are used up. The

individual FFT's are computed as complex FFT's of sequential

intervals of the in-phase and quadrature coherent measured data

record. The averaged power spectrum is computed simply as the

arithmetic mean of the 30 contributing amplitudes in each Doppler

resolution cell. The averaged spectra shown in the body of the

report are not decomposed to show the 30 individual power spectra

which go into each one. Each of these individual spectra is

obtained from a 10.24 s sequence of t024 pulses. This 10.24 s

interval or dwell of time is long enough to encompass a number of

correlation periods and hence to incorporate a substantial amount

of temporal variation in the received signals (see Table 4).

However wind is a dynamic random process with complex short-term

and long-term variation. The wind conditions within a treed

resolution cell are expected to vary with local gustiness from

one 10.24 s interval to the next. Among themselves, how variable

are the 30 individual power spectra formed from 30 sequential

10.24 s dwells covering a total period of 5.12 min? In this

appendix, we provide an answer to this queation by showing the 30

individual power spectra for one particular, wirdy day, averaged

spectrum shown in the body of this report.

The particular averaged spectrum selected is that shown in

Figure 7(b), which was generated from data measured on the windy

day of 3 May 1985 (see Table 2). This is one of the widest

L-band spectra from wind-blown trees that we have so far founr

our measurement data base. In Sect. A.2, we first list the
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measurement parameters of this experiment. Then in Sect. A.3 we
plot time histories of amplitude (RCS per unit area, or e, in
dB) and phase (in deg) over their complete record lengths of
30,720 pulses. These time histories explicitly show the detailed

pulse-by-pulse temporal variation for which we are determining

the spectral content.

In Section A.4, we go on and show the overall spectrum

resulting from averaging the 30 individual component spectra.

Finally, in Section A.5, we sequentially show each of the

individual spectra. The dc level in the received RCS siynal has

not been removed in any of the results shown in this Appendix.

4
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A.2 EXPERIMENT PARAMETERS

Site: Katahdin Hill
Date: 3 May 1985
Cell: 2411 m, 2350
Wind: 17 kn, 801 (rain)

Radar Parameters
Range res. = 15 M
Polarization = vertical
L-Band

Processing Parameters
Number of samples =30,720
Pri = 10 ms
Record duration = 5.12 min
1024 point FFT's, dc in.

Blackman-Harris window.
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A.3 RCS AMPLITUDE AND PHASE TIME HISTORIES
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TIME HISTORY PAGE I

SITE - KATAHOIN HILL BURST NO. - I RANGE - 2411.30 M
RO - HLTVO9.R O;I R GHiTE NO. - 33 AZIMUTH - 234.98
03-MAY-85 11:06:40 STARTING PULSC- I WiNO VELOCITY - 17 KNOTS

7 F

2 114 228 142 456 570 6a4 79B 012 1Q26 1140

n 0

11

- -j
SI It, i 507 1711 1 a.15 1 93. 2M3 2167 V.

l L _ _ 
_ _ _. • _

26 i 2 195 25 09 A37 205 1 2 % s 30 79 3 19 3 i 3 ,7 3 42 1

FIG. A.1 L-BAND RCS AMPLITUDE TIME HISTORY FROM WIND-BLOWN
FOLIAGE ON A WINDY DAY, PULSE-BY-PULSE OVER 30,720 PULSES.

Continued...
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IME HWSORY PAGE 2
SITE - KRTAHOIN HILL MUST NO. - I RANGE -2411.30 m
ROF - HL7VOg.Rlr~I RG GATE NO. - 3~3 AZIMUTH - 234.98
03-MAY-85 11:06:40 STARTING PULSE- I WIND VELOCITY - 17 KNOTS

. 3*ZS 3f 42 3763 37 3991 410S -21A 431 41

4% W 4" 3 l $131 S245 s3w $473 998' S701

6701 615 W99 643 61S7 F 71 38 49 6613 6'7l 6

FIG. A.1 L-BAND RCS AMPLITUDE TIME HISTORY FROM WIND-BLOWN
FOLIAGE ON A WIND)Y DAY, PULSE-i3Y-PULSE OVER 30,720 PULSES.

Continued ...
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TM HIORY PAGE 3

SITE - KRTHOIN HILL BURST NO. - 1 RANGE - 2411.30 M
ROF - HLTVO9.RnF .' RG GATE NO. - 33 AZIMUTH - 231.98
'3-MRY-85 11:06:1O STARTING PULSE- I WIND VELOCITY - 17 KNOTS

2 P4; 67.A 7069 71M 3 7297 7411 7ms 7 9 7753 7m, 7961

0b

74; a.as B313 6437 0461 ft$ 279 969 6(97 9t21

9 '21 9235 "ll 9463 9577 9691 3 9919 10033 10147 i0261

FIG. A.1 L-BAND RCS AMPLITUDE TIME HISTORY FROM WIND-BLOWN
FOLIAGE ON A WINDY DAY, PULSE-BY-PULSE OVER 30,720 PULSES.

Continued...
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TIME HISTORY PAGE 4

SITE - KATAHOIN HILL BURST NO. - I RANGE . 2411.30 M
ROF HL.TV09.RDrF;I RG GATE NO. - 33 HZIMUTH - 231.98
03-MWIA-85 11:06:40 STARTING PULSE- I WINO VELOCITY 17 KNOTS

o __ ___ --L L . L . .--... J.-.....- --------. --- --- J____

102f1 10375 10409 10603 10717 10031 10945 11059 I1173 1;287 1IO

, I

o 11401 IISI5 11629 11741 I 2lm 2 l97L 12 5 12199 12313 12127 1254

12541 1255 A7 I ;793 22 13111 1322 13339 134S3 13%67 13681

FIG. A.1 L-BAND RCS AMPLITUDE rIME HISTORY FROM WIND-BLUWN
FOLIAGE ON A WINDY DAY, PULSE-BY-PULSE OVER 30,720 PULSES.

Continued...
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TIME HIMT PAGE 5

SITF - KR.PruIN HILL BURST NO. -I RANGE - 2411.30 M
ROF - HLT j9.ROF;I AG GATE NO. 33 AZIMUTH - 234.98
03-MAY-85 11:06:40 STARTING PULSE- I WINO VELOCITY -17 KNOTS

13881 13795 13M 14023 14137 14251 14365 14479 14593 1470' 14e21

!102: 403S 5CIV !S6 5277 1!391 1 SVC' :5619 .s7:i !SW? i566!

I' 16076 1:9 160 61 16S,31 166456 6S ~ , Se 70

FIG. A.1 L-BAND RCS AMPLITUDE TIME HISTORY FROM WIND-BLOWN
FOLIAGE ON A WINDY DAY, PULSE-BY-PULSE OVER 30,720 PULSES.

Continued ...
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TWE HISTORY PAGE 6

SITE - KATAROIN HILL BURST NO. - 1 RANGE - 2411.30 M
ROF - HLTVOO.ROF;l RG GAITE NO. - 33 AZIMUTH - 234.98
03-MMY-85 11:06:40 STARTING PULSE- I WINO VELOCITY - 17 KNOTS

17101 1721S 1;1 9 17443 17557 17671 1778r 17n99 19013 8127 18241
I.~~~ 

1 

I 

Il' 

l

o 2 1 ms15 1&469 i858 18697 188011 18929 I9Qv 19:53 19267 19381

!9381 19495 1609 19723 1 9837 1? l9 2006S 2009 20293 2C' , 2-S.

FIG. A.1 L-BAND RCS AMPLITUDE TIME HISTORY FROM WIND-BLOWN

FOLIAGE ON A WINDY DAY, PULSE-BY-PULSE OVER 30,720 PULSES.

Continued...
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TIME MITORY PAGE 7

SITE - KATAHDIN HILL BURST NO. - I RANGE - 2411.30 M
ROF - HLTVO9.RDr;! RG GATE NO. - 33 AZIMUTH - 234.98
03-MAY-B5 11:06:40 STARTING PULSE- I WIND VELOCITT - 17 KNOT5IR

-- 20O21 20635 2D
7
i9 20K3 21 ? 2101 aims 21319 21433 21$-I7 21641

21661 2177S 21e 22003 Z2117 22231 2M3. 22459 22573 22687 2280;

I \>

2 21 229.5 23o 23143 2325? 2337t 23685 235S9 23713 2M827 3;4;

FIG. A.1 L-BAND RCS AMPLITUDE TIME HISTORY FROM WIND-BLOWN

FOLIAGE ON A WINDY DAY, PULSE-BY-PULSE OVER 30,720 PULSES.

Continued...
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TIME HISTORY PRGE 8

SITE - KATAHDIN HILL BURST NO. - I RANGE - 2411.30 M
ROF - HLTV09.ROF;I RG GATE NO. - 33 RZIMUTH4 - 234.98
03-MAY-85 11:06:40 START!NG PULSE- I WIND VELOCITY - 17 KNOTS

_ c,
9

1 24s 21169 24263 2 197 241 k 24625 24739 24853 24967 25 1

0

25 ,: zig5 2539 25423 2553) 25651 2$765 25879 25993 26107 26221

26221 2633S 26449 26563 26677 26791 26905 27019 27133 -?24? 2:36I

FIG., A.1 L-BAND RCS AMPLITUDE TIME HISTORY FROM WIND-BLOWN

FOLIAGE ON A WINDY DAY, PULSE-BY-PULSE OVER 30,720 PULSES.

Continued...
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TIME HSORY PAGE 9

SITE - KOTAHOIN HILL BURST NO. - I RANGE - 2411.30 M
ROF - HLTVO9.ROF;I RG GIFITE NO. - 33 AZIMUTH - 234.98
03-MAY-85 li:06:i.O STARTING PULSE- I WIND VELOCITY - 17 KNOTS

"7 1 27475 2750 27703 . 2751 2793i 2OD45 215. 23 2836 28901

2 j1601 2S 28729 28043 2m? 2907 1 2918s 22 29413 7 mi

296c1 29755 m g 983 3U0n7 30211 X 30439 30553 30 6 3c"71

FIG. A.1 L-BAND RCS AMPLITUDE TIME HISTORY FROM WIND-bLOWN
FOLIAGE ON A WINDY DAY, PULSE-BY-PULSE OVER 30,720 PULSES.

Concluded.
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TIME HIS7ORY PAGE 1

SITC - KRTAHDIN HILL BURST NO. - I RANGE - 2411.30 M
ROF - HLTV09.ROF;1 RG GATE NO. - 33 RZIMUTH - 234.98
03-MAT-85 11:06:40 5TIRIING PU;SE- 1 WIND VELCCITY - 17 KNOTS

LA;ea 14 39S 2 , 63 2737 2il 456 179 393 126 3421

II L LI I
22811 239'5 , SC9 2622 2737 2651I 28 3073 3193 3307 .1421

FIG. A.2 L-BAND RCS PHASE TIME HISTORY FROM WIND-BLOWN FOLIAGE
ON A WINDY DAY, PULSE-BY-PULSE OVER 30,720 PULSES.

Continued...
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TIM HISTORY PAGE 2

S71[ - KATRHOIN HILL BURST NC. - I RANGE - 2411.30 M
RC - HL1VO.RJF;I RG GATE NO. - 33 AZIMUTH - 234.98
03-MAY-8S 1I:06:40 STARTING PULSE- I WINO VFLOCITY - 17 KNOTS

3411 3S35 361 3"M7.3 3877 3Q91 4105 4219 43n 4W 45:

4S61 4.,75 4789J 49 50l~ 17 Sill s).ci 53sg W37 ' SV S70.

5771 51S S929 6043 6157 U 1 I,3E 6099 6613 6'27" Ep4i

FIG. A.2 L-BAND RCS PHASE TIME HISTORY FROM WIND-BLOWN FOLIAGE
ON A WINDY DAY, PULSE-3Y-PULSE OVER 30,720 PULSES.

Continued...
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7'M HISTORY PPG 3

SITE - KATAHOIN HILL BURST NO. - I RPNGE - 2411.33 V.
ROF - lLTVO9g?.)F;I RG GATE NO. - 33 RZIMUTH - 234.98
C3-MRY-85 11:06-40 STRRTING PULSE- I WIND VEL.OCITY - 17 KNOT3S

I i I I'

1 a--.------- .

41 69s9 7069 7103 729V ?il 7. 7639 7;53 78~ BE2981

7961 8295 8209 e32 3 8951 65 8'79 0693 90' 912;

9!21 9239 939 9463 9F-77 9691 9805 9919 I0D33 :1047 I?61

F'IG. A.2 L-BAND RCS PHASE TIME HISTORY FROM WIND-BLOWN FOLIAGE

ON A WINDY DAY, PULSE-'bY-PULSE OVER 30,720 PULSE6.

Continued...
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TIME HISTORY PAGE 4

SITE - KITAHD!N HILL BURST NO. - I RANGE - 2411.30 M
ROF - HLTVO9.RF;i RG GATE NO. - 33 AZIMUTH - 234.98
03-MAY-85 11:06:40 STARTING PULSE- I WIND VELOCITY - 17 KNOTS

iS 1037S I 49 I46 I0 In? I083i 104S :1059 11173 1126? 11401

'Ii I , /

11?41 - 1197! 120EK '2 '23t3 '242' 14

, 1- i 1

FIG. i i R

ON A WINDY DAY, PULSE-BY-PULSE OVER 30,720 PULSES.

Continued ...
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TIME HISORY PA;GE S

SITE - KRIHOIN HILL BURST NOl. . I RANGE - 2411.30 M
ROF - HLTVLI..ROF; I RG GATE NO. - 33 AZIMIUTH -234.96
03-Mqy-es 11:06:40 STARTING PULSF- I WIND VELOCITY - 17 KNOTS

(ij 1379S 1L9M 142 43 4 4365 147 46 147C7 402:

1549 IS 1

160 IE7$ 16199 16303 16417 ISSIL 1664S 1876'9 16371 13, 1!1

FIG. A.2 L-BANL) RCS PHASE rimE HISTORY FROM WIND-BLOWN FOLIAGE
ON A WINDY DAY, PULSE-BY-PULSE OVER 30,720 PULSES.

Continued...
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TIM! HISTORY PAGE 6

S!TE - KATAHCIN HILL BURST NO. I RANGE - 21i.30 m
RC
r  

HL' V3 .R F';I R G GA TE NO . - 3 3 AZ IMU TH - 234 .98
03-MAY-85 II:O6:i0 STARTING PULSE- I WINO VELOCITY - 17 KNO'TS

\J.

1 9;0! 172k 5 17N 1 974 1 '7 17671 21i 0179 1013 8I927 1 5241
7~

O201 WI D 
1A,7L6-Y71 V R 0 7 0 U S S

Ill.

I UUV

9, 1oIni. .

198 11 19Z3 19937 151 20293 C4 21'

FIG. A.2 L-BAND RCS PHASE TIME HISTORY FROM WIND-BLOWN FOLIAGE

ON A WINDY DAY, PULSE-BY-PULSE OVE~R 30,720 PULSES.

Continued...
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TIME !4I TORY PA^GE 7

SITE - KATAW ,DIN PILL BURST NO. I RANGE - 2411.3G m
ROF - HL TV ,9.9OF ;I RG C 'T NO . - 33 AZIMU TH - 234 .98
03-MRIF- 5 I::06:40 STARTING PULSE- i WIND VELOCITf - 17 KN375

p_ I' '1V

_ _ ,

2C '21 0 35 20749 206"3 2477 2109 2120 21319 21433 21547 21661

?2Ki 223!5 2MN 21143 2367 23371 2349 s 21599 2170 23827 2221

FIG. A.2 L-13AND RCS PHASE TIME HISTORY FROM WINDL-BLOWN FOLIAGE
ON A WINDY DAY, PULSE-BY-PULSE OVEA 30,720 PULSES.

Continued...
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TIME HISTORY PAGE 8

T - KHTmHCIN HILL BJRST NO. - I RANGE - 2411.30 M
fN{l - LTVO9.ROF:l RC GATE NO. - 33 AZIIIUTH - 234.98
I1 iF Pb 11:06:40 STARTING PULSE- I WINO VELCITY - 17 KNOTS

%I

21941 240MS 24169 24283 24197 21l I 24625 2 7j9 24M3 24967 2so01Hkp"1 1' I

I 'Fk /

21 cf AV 2c,423 ?"937 2651 26769 2S879 21,93 210? 26U)1

- _; _ _ ._.__________ .j: __I _._,____ fL_
262i 1 26335 26449 2GS63 28677 26791 Av ~s 27019 27! 1 

7
?

FIG. A.2 L-BAND RCS PHASE TIME HISTORY FROM WINLI-BLOWN FOLIAGE
ON A WINDY DAY, PULSE-BY-PULSE OVER 30,72U PULSES.

Continued...
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TIME HISTORY PAGE 9

SITE - KATRHOIN HILL BURST NO. - I RANGE . 2411.30 M
RL * HLTVO9.ROF;I RG GRTC NO. * 33 AZIMUTH - 234.98
03-MAY-85 11:06:40 STARTING PULSE- I WIND VELOCITY - 17 KNOT5

23 1 277 1O 7M rl nI 2" 2eiS9 (W H ke7 20

29501 2%45 2e729 28e43 29%7 2907 1 2985 29299 29413 952 29611

2%41 29755 29869 29983 3O97 30211 3032S 3439 30553 3C667 3C781

F'IG. A.2 L-BAND RCS PHASE TIME HISTORY FROM WIND-BLOWN FOLIAGE

ON A WINDY DAY, PULSE-BY-PULSE OVER 30,720 PULSES.

Concluded.
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A OVERALL SPECTRUM
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KATAHOIN MILL . '-P 77 1 1 16.02 90 CAL Y%.I 31-JANS-5 I3-MAY-85
COC 0670a6 5 03-MAY-B 1 1:060 P . 00 SANPLCI0 MH,
MLTV09 RO . I L-QAAAO 130MH. 15 VCAT NONE PARKEO I/ 5 10710
P.SES3C720. 50S IZE 102 . SO rST 10 4. 00 33. RANGE ?.4ll. AZ e34.90?. BURST 1I/ 1.
AV(AGE POW n: TOTAL 9.03 AC -32 OC 0.67 ACiOC 19.53 OC/AC -6.75

25 I

0

1-25

-50

-75

* 1 A

-300 -200 -100 00 100 200 300

1ADOPPLER VELOCITY (m/s)

FIG. A.3 REWULTANT OVERALL SPECTRUM INVOLVING 30,720 PULSES.
This result .s the average of the 30 individual spectra shown in
Sect. A.5.
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A.5 THIRTY-INDIVIDUAL SPECTRA
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KATAHDIN HILL l.?j7?1 7 1 16:0Z 90 CAL V4.I 3I-JAN-S5 13-MAY-S-

COC ob7006 5 03-Na.Y I1I06':0 PRFr 500 SAMPLC.IONH

HLTV09R0 .r -B.ANO Ile01.u I 
1 v(RT NONE PARKED I '5 30G70

PULSES I02 . SOSIZC IoZ0 . SOCCSt IOZ , RD 33. RANGE e,411. AZ ?34.29z. OUtRSt I.I I.

Av(RAGE POER TOTAL 050 AC 7 .4' OC 0 10 ACOC 7.37 OCIAC -7 37

25

0

a -2 5

-50

-75

-300 -20O0 -10O0 0 10 200 300

* . DOPPLER VELOCITY (m/9)

FIG. A.4 INDIVIDUAL SPECTRUM FOR IST GROUP OF 1024 PULSES.
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CCC 6705 0 0-pqAYUS I0.0 a. 000 SAMPLE.1"M
1L1VO1.A0f I L-GAN 1 310s,14.6 lB 0ll NONE PARKEDO It 3 10720

PVLI.0(S 102%. SLSIZO 1024. soot10 102%. 40 33. mANoC fll. Al 23%.too. $VMS,~i i

AVOBAGE ROMOR- TCtAL 10.31 AC S6.03 Ot' &SG ACIOC 1 %7 OCAC t%?4

-25

50

-5
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KATAHMO N HILL 42:27:Z7 '7 I116 02 90 CAt. V% I 31-JAN-i9 13-NhAY-S

COC 067006 3 03-H&I-S3 11 :06.40 Ptf- OO00 SAMPLE'IOM N

.LIVOS ROF I LC-AND ; S0Mm, I VERT NONE PARKO I1 I S 0720

PtJLS(S Ir2%. SOSIZE I02.. SOO'ST 1 0 .. AC 33. RANO( Z.11. AZ Z3- 982. OURSI I. I I

AVERAICE POWER TOTAL 6 86 AC 5 32 DC b 29 ACOC -0 97 OC/AC 0 97

25

0

-6

-75 2

-300 -200 -1 00 00 100 200 30

DOPPLER VELOCITY (m/u)

F'IG. A.6 INDIVIDUAL SPECTRUM FOR 3RD GROUP OF 1024 PULSES.
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S'6!A-DIN HILL 42 17? 27 1 119? 90 CAL~ V . 31 -JAN895 13-IMAY-AS
ccorIT06B j 03-MAY-65 I 106.0o pqr. 50C~ SAMPLE-iOmm,
L T109 ROr L - BAN. I -301I 119 VERT NONE PARKED 11 5 A0Th0

PV'. S ES L?.2 SCSI ZE 1 -12 SOOIFS' 1 C2'. ftC 331. p AINC G .%.i, A7 0 9 B URST1 II I.
ALERAGE POWER 10 A L a 97 AC 7.98 OC 2 .0 AC IOC 5900 OCIAC -S.112

.. .....

I2 -
-50.

-300 2U -10DOPPLER VELOCITY (m/s)

FIG. A.8 MNIVIDUAL SPECTRUJM Fo!' 5TfH GRuL'_P of 1u24 PUTSiS.



I A~N -ILL .1 e Ol9 CAL W4 I 31-JAN-B5 iM 5

PUSE5 ~ i C Z, r. 4SI Z 0 L- ~ oi:3c I(]%. :S C, 3 3 . RA(C , 5 A, BURST I. I

0

E-25

-50

1 75

-300 -200 -100 0 0 1 00 2 00 300 0
X DOPPLER VELOCITY (rn/8)

iIC. A.9 IND)IVID)UAL SPECTRUM fUR 6'rH GROUP 0i' 1024 PULSES.
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KATAOIN HILL Z.2 7 I1 6: 0 go CAL Vi.I 31-JAN-85 13-MATSS5

CoC o70 5 C3-.-B it o6 %0 Par. 500 SAMPLC.IOMAI

"LT 09RDr;I .-'IOANO 1Z 0" a 1 VCR NONE PARKCO I 5 307ZO

PULSES 1024. SOSlOZ 1OZ4. SOOfS' I e'.. R0 33. RANGE Z.%I1. AZ P14.992. SUAS! I 1 I.
AVERAGE POWER. :0TAL 9 41 AC 8 0 OC -21.3 AC/OC 30. OC/AC-30.34

25

0

f -25

toI

-50

-75

-30 -200 -100 00 100 200 300

DOPPLER VELOCITY (m/u)

FIG. A.1U INDIVIDUAL SVb CTRUM FURo 7"rH GRUUP U" 1024 PULSE6.
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KAAHDIN MILL. 4. '.7 27 7 602 go C. V. JWO... .- as6

CO c 06,'066 5 0 3 "A, -5 11:OO:A P4 . 300 SAPPLE.IOMm"I
HLYVOBRADF~l L9AN I'D 23MHI :S'VEIT kON IA6600C if 5 307203A
V VLSI S I0? 2 60612 IL 1 O2. 005 S~T' lO 33. RAOE 2~l 23A.O6?. SuR5 T a11 1

AVERAC, foWCA. TO-AL 9 1 I AC r 6 56%Dc -0.1. ACOcc a.71I OC AC -3 .71

-25

I 50

-25

-30 20-000 0 0

U)o
DOPE EOCT ms

FI50 A.1 IDVLLNjSE'RMFU T k-U F12 USb
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KAIAN IN HIL. 0 7 21 1 1:16 0? 90 CAL V%.| 31-JAN-05 1I3-MAY-95
CDC 06086 5 03-MAVY-95 II 06-0 PR- 500 SAIMPLE. 101",
HLTvOS.ROF.I L-BANO 1230'", 15 VERT 0OE PARKEID Il 5 30720
PULSES 102%. S0,1.I 0 1 . SCO S 102'.. AG 33. RAN0 Z.4l. AZ 3.802. 8URST I.II I.

AVERAGE POWOn TOTAL 9 09 AC 8 90 OC -'.60 AC/DC 11 50 OC/AC-13 50

25

0

- !
E

5 -5

ci

-50 y
-75

-:100 -200 -100 00 00 200 300

Nor DOPPLER VELOCITY (m/s)

FIG. A.12 INDIVIIDUAL SPECTRUM FOR 9TH GROUP Or 1024 PULSEFS.
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FIG. A.16 INDIVIDUAL SPECTRUM FOR 13TH GROUP OF 1024 PULSES.
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FIG. A.21 INDIVIDUAL SPECTRUM FOR 18TH GROUP OF 1024 PULSES.
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FIG. A.26 INDIVIDUAL SPECTRUM FOR 23RD GROUP OF 1024 PULSES.
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FIG. A.27 INDIVIDUAL SPECTRUM FOR 24TH GROUP OF 1024 PULSES.
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FIG. A.30 INDIVIDUAL SPECTRUM FOR 27TH GROUP OF 1024 PULSES.
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FIG. A.31 INDIVIDUAL SPECTRUM FOR 28TH GROUP OF 1024 PULSES.
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FIG. A.32 INDIVIDUAL SPECTRUM FOR 29TH GROUP OF 1024 PULSES.
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FIG. A.33 INDIVIUUAL SPECTRUM FUR 30TH GROUP OF 1024 PULSES.
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